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We present a model in which the dark matter particle is frozen-in at MeV scale. In this model
the mediator between the standard model sector and the dark sector can automatically provide a
self-interaction for dark matter. The interaction strength is naturally to be the in the region in
favor of the cluster mass deficit anomaly. Due to the self-scattering the Lyman-α constraint can be
relaxed to mD & 2 keV. In this region the self-interaction and the Fermi pressure both play roles
on forming a dark matter core at the center of the dwarf galaxies.
Introduction. Cold dark matter (CDM) paradigm,
although has been extremely successful in explaining the
large scale structure of our universe, is challenged by
small scale anomalies from dwarf galaxies to galactic
clusters. In particular, simulations based on CDM show
that the mass density profile for CDM halo increases as
ρDM ∝ r−1 toward the center [1–3], whereas many ob-
served rotation curves of disk galaxies prefer a constant
cored density profile ρDM ∝ r0 [4–6]. CDM also predicts
a greater number of galactic satellites than predicted [7].
As for galactic clusters observations show that there is a
mass deficit in the inner O(10) kpc region [8] compared
to the NFW profile. In [9] the multi-tracer technique was
used and the size of the core of Fornax is determine to
2σ level to be 0.2 kpc < rc < 2.6 kpc. However, recent
study in [10] shows that the multi-tracer technique can
mis-identify a cuspy profile to a cored profile. A more
recent study of the dynamical friction of the globular
clusters in the Fornax system gives an upper bound of
the core size rc < 282 pc [11], which favors a small core.
Dark matter (DM), although supported by various ev-
idences from astrophysics to cosmology, appears only
through gravitational effects. The small scale properties
may provide us with opportunities to explore the parti-
cle physics natures of DM. An interesting observation is
that if DM is composed of O(100) eV fermions, the Fermi
pressure forces the core of dwarf galaxies to be larger than
observed (the Tremaine-Gunn bound) [12]. This observa-
tion unavoidably leads people to consider the idea that if
the mass of DM is just around the boundary of where the
Tremaine-Gunn bound allows, the Fermi pressure may
provide a solution to the core-cusp problem [13–18]. On
the other hand, the Lyman-α forests observation shows
that the mass of DM, mD has to be larger than about
5 keV if the DM particles are thermally produced. keV
scale DM particles can also be copiously produced inside
stars, and as a result change the life-time, neutrino flux
and luminosities of the stars, which strongly constrain
the parameter space of this kind of models.
In this work, we propose a DM model based on the
freeze-in mechanism [19]. In this model we extend SM
with a Dirac fermion χ, the DM candidate with mass
mD ∼ keV and a massive vector boson V (the dark pho-
ton) with a mass mV at MeV scale. The interaction
between the dark sector and the SM sector is conducted
by the kinetic mixing between V and the photon field.
The Lagrangian is
L = χ¯iγµ(∂µ − ieDVµ)χ−mDχ¯χ
−1
4
V µνVµν +
1
2
m2V V
µVµ − 1
2
κVµνF
µν . (1)
We show that in this model the Fermi pressure together
with the self-scattering can produce a small core in dwarf
galaxies, while the self-scattering is naturally in the re-
gion in favor of the cluster mass deficit anomaly. We also
show that in this model right after frozen-in the DM par-
ticles quickly replicate themselves induces a much lower
temperature in the dark sector than in the SM sector.
The self-scattering of χ turn free-streaming into Brown-
ian motion, which shortens the distance the DM particles
migrate. With these effects the constraint from Lyman-
α forests observation can be relaxed. We also show that
the stellar constraints can also be avoided in this model.
Other possible particle physics scenarios in solving the
small scale anomalies are warm dark matter [20, 21],
self-interaction dark matter [22, 23] (and [24] for a re-
view), or boson degeneracy [26–28]. The DM models
which can solve the anomalies at different scales are
self-interaction model with light mediator [23], the self-
scattering through s-channel resonance [29].
Freeze-in. The most important freeze-in channels
are the e+e− annihilation channel and the plasmon de-
cay channels. The production rate of the dark matter
number density nχ in the e
+e− annihilation channel can
be written as
dΓχe±
dω
=
2κ2ααD
3pi2
∫
dq
q2(s+ 2m2e)s
(s−mV )2 + 19α2Ds2
f
(ω
T
,
q
T
, s
)
,(2)
where s = ω2 − q2 is the center-of-mass energy of the
e+e− pair,
f(x, y, s) =
1
2piy
4 tanh−1
[(
a−1
a+1
)
tanh
(
b
2
)]
(a− 1)(a+ 1) , (3)
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2with a = ex/2 and b = y2
(
1− 4m2es
)1/2
. In the case
mV > 2me, this process is dominated by the production
of on-shell V , and the production rate is the same as
discussed in [30].
Due to the plasma effect transverse photons develop
a non-trivial dispersion relation and therefore can decay
into a pair of dark matter particles. The collective motion
of the charged particles in the thermal plasma behaves
like a longitudinal mode of the photon field, which also
decays into a χχ¯ pair. The production rate of the DM
number density can be approximately written as [31]
dΓχt
dω
=
κ2αD
3pi2
qZt
eω/T − 1
s3
(s−m2V )2 + 19α2Ds2
dΓχ`
dω
=
κ2αD
6pi2
qZ`
eω/T − 1
ω2s2
(s−m2V )2 + 19α2Ds2
(4)
where Zt,` are the wave function renormalization factors.
The magnitude of the three-momentum of the plasmon
q can be calculated from the dispersion relations of the
transverse and longitudinal plasmons given in [31].
The replication. Right after frozen-in the scattering
processes χχ¯ → χχ¯, χχ → χχ and χ¯χ¯ → χ¯χ¯ with a
much faster rate than the replication processes establish
a “thermal” distribution
fχ(χ¯) =
2
e(E−µ)/TD + 1
, (5)
for χ and χ¯ with a chemical potential because the 2→ 2
processes do not change the numbers of DM and anti-
DM particles. In Eq. (5), TD is the temperature of the
DM particles. The average kinetic energy of χ and χ¯ are
around TD. When TD is larger than 2mV the replication
processes are dominated by the on-shell production of a
pair of dark photon V , χχ¯ → V V , with V later decays
into a χχ¯ pair. Then when TD is lowered to be around
mV the χχ(χ¯) → χχ(χ¯) + V process dominates. In the
case that TD < mV , the replication can only go through
off-shell dark photons and it is easy to see that cross
section in this case goes like T 6D/m
8
V , which diminishes
fast with the expansion of the Universe. Therefore the
dominant contribution of the replication happens around
TD & mV . The typical Feynman diagrams for the 2 to
4 processes are shown in Fig. 2. In practice we sim-
ulate the cross section of the replication processes with
CALCHEP [32]. The replication processes push the dark
sector to the true thermal equilibrium with zero chemical
potential and with TD smaller than TSM.
The Boltzmann equations. It turns out that in
the parameter space in favor of solving the small scale
anomalies the 2→ 4 processes are fast enough that a full
thermal equilibrium (µ = 0) can be established in the
dark sector. The replication processes stop (with a rate
smaller than the Hubble expansion rate) when the DM
particles are still relativistic. Therefore the DM num-
ber density in this case is controlled by the total energy
e+ e-
Tran.
Long.
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FIG. 1: Freeze-in processes. Left: freezing-in rate of different
processes at T = 10me. Right: κ˜ as a function of mV for
αD = αEM and αD = 2αEM.
FIG. 2: Typical Feynman diagrams of 2 to 4 processes.
density transferred to the dark sector, one don’t need to
trace the details of the 2 → 4 redistribution processes.
The Boltzmann equation for freezing-in the DM energy
density can be written as
dρχ
dt
+ 4Hρχ = Γ
ρχ
e± + Γ
ρχ
t + Γ
ρχ
` , (6)
where Γρχi (i = e
±, t, `) can be calculated from Eqs. (2)
and (4), and their numerical values at T = 10 me as
functions of mV are shown in the left panel of Fig. 1.
We can see that at in the case mV > 1 MeV the e
+e−
annihilation process dominates since V can be produced
on-shell. Once mV is smaller than 1 MeV, the trans-
verse photon decay starts to dominate. At the region
that V can be produced on-shell the rate of the freeze-in
processes depends little on αD.
In the case of fully thermalization the number density
nχ has a simple relation with ρχ that (e.g. see [33])
nχ = 6× 21/4(15/7)3/4ζ(3)pi−7/2ρ3/4χ . (7)
Then mD can be fixed by the DM relic abundance that
2nχmD
nBmproton
≈ ΩD
ΩB
≈ 5 . (8)
Then to get the relic abundance the kinetic mixing κ
satisfies
κ = κ˜(αD,mV )× (mD/(200 eV))−2/3 . (9)
κ˜ for αD = αEM and αD = 2αEM as a function of mV
is shown in the right panel of Fig. 1, where one can see
that the typical value of κ to generate the observed relic
abundance of DM is about 10−11 to 10−10 and the value
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FIG. 3: Stellar constraints from red giants (red), horizontal
branch stars (blue) and supernovae (black).
of κ˜ depends mildly on αD, since V is preferred to be
produced on-shell.
Stellar constraints. Dark matter particles with
O(100) eV mass can be copiously produced inside stars.
At the center of the horizontal branch (HB) stars and
the red giant (RG) stars the plasma frequency ωp is at
O(10 keV), which is larger than twice of mD. Therefore
the dominant production channel of DM particles is the
resonant decay of the transverse photons [34, 35]. The
energy loss rate to the dark sector is
dρT,Lχ
dt
≈ κ
2αD
3pi2
ω9p
m4V
[
f
(ωp
T
)
+
1
30
(
1
eωp/T − 1
)]
,(10)
where
f(x) =
∫ ∞
1
dx
x(x2 − 1)1/2
e(ωp/T )x − 1 . (11)
At the center of the HB stars ωp ≈ 5 keV, T ≈ 10 keV
and the density ρ ≈ 3 × 104 gram cm−3 [36], and the
constraint is that the energy loss rate to the dark sector to
be smaller than 8 erg/gram/sec [37]. For the RG stars we
use ωp ≈ 20 keV, T ≈ 8.6 keV, ρ ≈ 106 gram cm−3 [38],
and require that the dark radiation rate to be smaller
than 10 erg/gram/sec [37].
Supernova1987A (SN) with ωp ∼ 10 MeV and T ∼ 20
MeV at the center can copiously produce V on-shell ifmV
is around ωp. On the other hand if mV  ωp the produc-
tion rate of the transverse and the longitudinal modes of
V are further suppressed by (mV /ωp)
4 and (mV /ωp)
2,
respectively. In this region the dominant dark radiation
production channel is again the decay of plasmon into
χχ¯ through an off-shell V . We re-interpret the result in
[39, 40] and its constraint turns out to be weaker than the
constraint from RG stars at the region mV ∼ 1 MeV, but
it becomes stronger with larger values of mV as shown
in Fig. 3.
Lyman-alpha forests observation. Observations
of the absorption lines in the spectra of quasars due to
small hydrogen clouds - the so-called Lyman-α forests
show the matter power spectrum is not suppressed at
Mpc scale. This gives a strong constraint on the free-
streaming length of DM. From Ref. [43] the most aggres-
sive Lyman-α forests bound on the warm DM mass is
mWDM > 5.3 keV, if an alternative model of the evolu-
tion of the inter-galactic matter is taken the constraint
can be weaken to mWDM > 3.5 keV. In our model the
dark sector reaches thermal equilibrium due to the 2 to
4 processes. The constraint on mD can be weaker than
the warm DM. The reason is that the DM particles fre-
quently scatter with each other and their path become a
random walk before decoupling, such random walk sig-
nificantly delay the starting of the free-streaming of the
DM particles.
To obtain an estimation on the parameter space of
this model detailed simulation of structure formation is
needed, which is beyond the scope of this letter. Here we
work on the following simplified treatment. We first use
the package CAMB [41] to calculate the matter power
spectrum for 5.3 (3.5) keV warm DM model and convert
to the 1D matter power spectrum by integration over a
k plane. Then similarly we calculate the matter power
spectrum for our model, but the free-streaming is only
turned on when the temperature is below temperature
Tfs, or the free streaming velocity is simply set to zero
when T > Tfs. Tfs is defined as the temperature of the
SM sector at which the scattering rate of the DM par-
ticles is equal to the Hubble expansion rate. In the NR
limit the average cross section of the χχ and χχ¯ processes
reads
σ¯nr =
15piα2Dm
2
D
m4V
. (12)
Therefore, at temperature T the collision rate can be
estimated as
Γc(T ) = 〈σnrvr〉nD ≈ 30ζ(3)α
2
DζDT
4ΩD
pim4V ηγmpΩB
, (13)
where ηγ ≈ 6× 10−10 is the baryon-to-photon ratio, and
ζD ≡ TD
T
≈
(
10ηγmp
3mD
)1/3
≈ 0.1×
( mD
2 keV
)−1/3
. (14)
Equating Γc to the Hubble expansion rate H =
1.66g
1/2
? T
2/mpl where g? is the effective degree of free-
dom and mpl is the Planck mass, we get
Tfs ≈ 2 eV ×
(
αD
αEM
)−1(
ζD
0.1
)−1/2 ( mV
1 MeV
)2
. (15)
The 1D matter power spectrum we simulated using
the CAMB package is shown in Fig. 4, where the black
dashed and dotted curves are for matter power spectrum
with 5.3 keV and 3.5 keV warm DM model. The red and
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FIG. 4: 1D matter power spectrum simulated by CAMB. The
black dashed and dotted curves are for WDM model with
mWDM = 5.3 and 3.5 keV, respectively. The red (blue)
curves are for the frozen-in self-interaction DM model with
σT /mD fixed at 0.1 cm
2/gram and mD = 1 keV (3 keV). The
orange dot-dashed curve is for the CDM model.
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FIG. 5: Parameter space of the frozen-in self-interacting DM
model with αD = 2αEM. The grey regions are excluded by
the Lyman-alpha forests observation. The Purple region is
excluded by stellar constraints. The kinetic mixing κ in this
figure is determined by the DM relic abundance. The red
band shows the region in favor of the cluster mass deficit
problem. The dot-dashed line shows the lower limit from the
bullet cluster.
blue curves are for the mD = 1 keV and 3 keV in the
frozen-in DM model with the self-scattering cross section
fixed at σT /mD = 0.1 cm
2/gram chosen in favor of the
cluster mass deficit anomaly which will be discussed later.
We scan the parameter space in this model and the
result for αD = 2αEM is shown in Fig. 5, where κ is
determined from the relic abundance. The grey regions
show the strong and weak constraints from the Lyman-α
observation. The purple region is excluded by the stellar
constraints.
The implication on small scale anomalies. It has
been observed that the profile of clusters agrees well with
the NFW process at the region outside O(10) kpc region
from the center, within O(10) kpc on the other hand
a mass deficit is observed. However, it is shown that
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FIG. 6: Core radius of the Fornax dwarf galaxy as a function
of mD with self-scattering cross section fixed at 0.1 cm
2/gram
and the Fermi pressure included. The black line shows the size
of the core with only considering the DM self-scattering effect.
The data of Fornax is from [11].
this problem can be solved if the DM particles have a
self-interaction with σT /mD = 0.10
+0.03
−0.02 cm
2/gram [23],
where σT is the momentum-transfer cross section. But
as in [8], due to the observation of the out flow and the
severe baryonic process at the center of the cluster, ob-
servations of cluster alone cannot provide unambiguous
support for DM theories. However, in a later study [25]
numerical simulation shows that a self-interaction with
σT /mD > 0.1 cm
2/gram is disfavored. In our model the
dark photon V conducts a self-interaction of χ and χ¯.
Since mV  mD the scattering is s-wave and therefore
σT equals the total cross section. From Eq. (12),
σT
mD
= 0.125 cm2/g
(
αD
αEM
)2 ( mD
2 keV
)( mV
2 MeV
)−4
,(16)
which is just in the right region. The region in favor of the
cluster mass deficit problem for αD = 2αEM is shown as
the red band in Fig. 5. One can see that with considering
self-scattering the Lyman-α constraint can be lowered to
about 2.5 keV (1.4 keV) for the strong (weak) bound.
DM self scattering cross section will induce a cored
profile. As the cross section goes small N body simulation
is hard to have resolution to see such core, so here we use
the analytical modeling of [44]. In the outer region of a
halo the DM scattering count is statistically less than one
in the history of the halo, so it will not be significant to
change an NFW profile. But in the central region such
scattering makes the halo isothermal. In that case in the
partition function the momentum part will always gives
a constant after integration for Maxwell distribution, so
the density ρ(r) ∝ e− Φσ2 . Then Poission equation
∇2Φ = 4piGρ = 4piG(ρ0e−
Φ
σ2 + ρB) (17)
can be solved with the observed baryonic distribution.
At boundary rM which is the transition point of the two
5regions, we impose the physical condition that the en-
closed mass as well as the local density are the same as
their corresponding NFW values. In fact there are stud-
ies shown that to form a thermal distribution at least 2.7
collisions is required [45]. The required number of colli-
sions to reach thermal equilibrium can induce consider-
able uncertainties in determining the size of the core [48].
In this study we adopt the criteria of 2.7 collisions. More-
over, in this study the NFW reference halo is taken ac-
cording to the Planck ΛCDM halo concentration-mass re-
lation, c200 = 10
0.905±0.11(M200/1012h−1M)−0.101 [47].
For our fermionic DM model we use Fermi-Dirac distri-
bution instead which also incorporate the Fermi pressure,
the difference for a fixed DM mass is here the chemical
potential is a new parameter, while the central density
ρ0 parameter in the Maxwell case now can be calculated.
For keV-scale fermionic dark matter the Fermi de-
generacy pressure will also lead to a sizable core.
In the NR limit the energy density of a Fermi-
degenerate gas is ρ = mDn = 4pigDmDp
3
F /3(2pi)
3,
where pF is the Fermi momentum and gD is the de-
generacy of DM (gD = 4). Then the pressure can
be written as P = (4pig/3(2pi)3)
∫ pF
0
(p4/mD)dp =
(4pi2/5m
8/3
D )(3/4pigD)
2/3ρ5/3, in terms of ρ. The hydro-
static equilibrium equation of the halo gives
dP (r)
dr
= −GM(r)
r2
ρ(r) , (18)
where G is the Newton’s gravitational constant, M(r) is
the mass enclosed within the radius r including the bary-
onic mass. Eq. (18) is an integro-differential equation of
ρ, which can reduce to the second order differential equa-
tion
−4
3
4pi2
3m
8/3
D
(
3
4pigD
)2/3
1
r2
d
dr
(
r2
ρ1/3
dρ
dr
)
=4piG(ρ+ ρB)
(19)
As such Fermi pressure just affect the inner region of the
halo, we should also impose the same boundary condition
as above at transition radius, M(rM ) = MNFW(rM ) and
ρ(rM ) = ρNFW(rM ).
In Fig. 6 we show the radius of the core as a function
of mD with σT /mD fixed as 0.1 cm
2/gram. The radius
of the core, rc, is defined as the radius where the density
is half of the density at the center. In getting the plot for
small DM mass we solve Eq. (19) and for large DM mass
we solve Eq. (17), because the former strongly depends on
mD and the core solution gets smaller while using larger
mD whereas the latter one is dominated by scattering
effect and is independent of mD. In the shaded region
where mD is between 1.5 to about 5 keV, the classical
pressure becomes non-negligible. As a result a sizable
correction in this intermediate region of our estimation
is expected. The black line on the other hand shows
the size of core without consider the effect of the Fermi
pressure, namely pure dark matter scattering effect with
the Maxwell distribution. One can see that at mD = 1.5
keV the size of the core with the Fermi pressure is about
15 parsec, and at mD = 2.5 keV the size of the core can
be about 10 parsec.
Conclusion and discussions. We have presented a
model that the DM relic abundance is generated through
the freeze-in mechanism. In this model the Lyman-α
constraint can be relaxed to mD & keV. In this region
the Fermi pressure and the self-scattering can produce a
small core (∼ 10) pc in dwarf galaxies. We use the models
in Refs. [17, 44] to analyze the properties of dwarf galax-
ies. To get a better understanding a detailed numerical
simulation with the Fermi pressure included is needed.
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